ABSTRACT Wall-climbing drones have many applications, including structural health monitoring of civil structures, such as bridges and high-rise buildings, cleaning of solar panels to improve power generation efficiency, and airplane visual inspections. For these applications, the drone requires a high-payload capacity, and consequently the size and weight of the drone increase. The drone also should not damage the target structures considering the purpose of its mission. Our previous versions of a wall-climbing drone could have high-impact force on the surface where the drone perches and on the platform itself because of the impact caused by a fast pose change and landing speed. In order to overcome this potential risk, a mechanism and a control algorithm for perching on a vertical surface through low-speed pose change are proposed in this paper. The drone platform is based on an X-configuration quadcopter, and a tilt-rotor mechanism is incorporated into the two axes, such that the front thrusters and the rear thrusters are paired. The vertical soft landing mechanism using the tilt-rotors is validated by the experimental tests of the prototype.
I. INTRODUCTION
WAll-climbing robot technology has drawn constant attention in the field of mechanical engineering and robotics society due to its numerous possible applications. Recently, some companies have launched commercial wall-climbing robots for cleaning walls [1] , [2] or solar panels [3] , [4] . However, wall-climbing technology still has limitations in that it is impossible to move along a separated façade or an irregular surface. The most important requirement for a wall-climbing robot for practical use is the stability to adhere to the wall and the reliability to prevent falling accidents. One promising solution for this is to apply normal force to the wall. For the inspection of civil structures exposed to harsh environmental conditions such as strong winds, this approach allows an aerial robot to stably cling to the wall [5] , [6] . When the drone fails to attach to the wall, this mechanism can help the drone re-attach to the wall by generating a pushing force [7] , [8] .
The wall-climbing system should be thoroughly prepared for falling accidents by system failures because an accident caused by system failure of a wall-climbing robot is potentially very dangerous causing damage to the robot and harming pedestrians. In order to overcome these limitations, the concept of a wall-climbing robot based on a drone platform, called CAROS (Climbing Aerial Robot System), has been proposed and developed before [8] . This robot platform can fly like commercial drones, as well as perch on a wall by changing its pose, and climb the wall. Traditional wall-climbing technologies such as magnetic [9] , a suction module [10] , [11] , adhesive material [12] - [14] , mechanical claws [15] , a microspine [16] , pneumatic-adhesion [17] , [18] , and tether-supported climbing methods [19] , [20] are generally dependent on the material or the shape of the surface. The original motivation for developing CAROS was to create a wall-climbing robot that is unaffected by the wall condition like surface material or shape. Wall-climbing mechanism using the friction force generated by normal force to the wall could be the solution because the force naturally pushes the robot to the wall and the friction exists almost everywhere.
However, considering that the wall-sticking mechanism is based on the friction force at contact points, which is caused by the normal force to the wall generated by the thrust force for flight, the friction coefficient is a very important factor and the energy efficiency is greatly affected by the unknown friction coefficient. Due to the uncertainty of the surface condition, for example, the irregular shape or various contaminants, ideal condition with a high friction coefficient cannot be assured. For the same reason, when CAROS perches on the wall, assuming a low friction coefficient, the pose of the drone should be swiftly changed with large thrust force to maximize the normal force to the wall. From the viewpoint of protecting the wall and the drone, impact from high speed for perching is not favorable.
To mitigate this problem, a novel transformable drone platform is proposed in this paper, where the direction of thrusters can be changed and the ratio between the normal force and the ascending force can be adjusted using tiltrotors. Consequently, the drone less relies on a wall sticking condition and it does not need to change its pose with high angular speed to prevent slippage.
Many researchers have designed various types of drone platforms [21] - [23] along with their control strategies [24] - [26] . Also, they have developed tilt-rotor-based drones, some of which focus on the attitude and position control of the drone [27] - [29] , and others apply tilt-rotor mechanism to wall-climbing robots [30] . Although the tilt mechanism for drones has high potential to broaden the application area, only a few commercial racing drones use tilt mechanism to increase the speed [31] . Because the payload of drones is very limited, an additional mechanism could decrease the operation time and the energy efficiency. Considering these limitations, we aim to develop a tilt-rotor-based wallclimbing drone using a minimum number of actuators. Using only two actuators, the drone is designed to perch on the wall with gentle motion and climb the wall with higher energy efficiency than the previous CAROS.
Section II introduces the basic mechanisms and strategies for vertical soft landing and wall-climbing. Section III elaborates the structure of the prototype drone. Finally, in order to show the feasibility of the proposed mechanism, wall-perching and wall-climbing tests are performed and the results of the experimental tests are shown in Section IV.
II. STRATEGY FOR VERTICAL SOFT LANDING
Throughout this paper, we define the symbols as shown in Fig. 1 .
The soft landing procedure is aimed at low-impact perching on vertical walls such as façades of high-rise buildings, and it consists of three steps: stabilization process, pose change, and being ready for wall-climbing (sticking) mode. For perching, the drone changes its pose along the pitch angle direction using only two actuators for the tilt-rotor mechanism. The angular range of the tilt mechanism is 180 • in order to make the direction of the thruster normal to the wall when the drone sticks to the wall. 
A. STABILIZATION PROCESS
For safe landing on a vertical surface, a stabilization concept was already proposed by a few researchers. Before changing its pose, in order that the first contact point is fixed to the wall and acts as a hinge point, various perching mechanisms such as suction cups and an adhesive gripper were developed in [32] and [33] . The stabilization method of our proposed system is conceptually similar to the wall-sticking principle of CAROS.
Once the drone contacts its head to the wall, it starts to change the tilting angle of thrusters adjacent to the wall, generating frictional force between the drone and the wall. This state is similar to the state of wall-sticking of CAROS except that the remaining thrusters still try to maintain the hovering VOLUME 7, 2019 state of the drone. Without loss of generality, we assume that the wall is perfectly vertical. When the tilting angle, θ, is 90 • , that is, the direction of thrust force is normal to the wall, all the thrust force is used for making frictional force, as in CAROS. This is not a favorable condition with a low friction coefficient because a large normal force is required, as briefly mentioned in Section I. Therefore, assuming that the drone only uses the same level of thrust force as in the hovering state, the drone can maintain the force equilibrium against gravity by changing the tilting angle for stabilization. The FBD (Free Body Diagram) in Fig. 2 can be formulated as follows: (3, 4) = F t (1, 2) cos θ + µF t (1, 2) sin θ + F t (3, 4) = 0.5mg cos θ + 0.5µmg sin θ + 0.5mg (1) where θ is the tilt angle for stabilization, m the mass of the drone, g gravitational acceleration, F W the drone's weight, µ static frictional coefficient, and F f friction force. F t (1, 2) and F t (3, 4) are the sum of thrust forces of the front part leaning on a wall and the other rear part, respectively. F t (1, 2) and F t (3, 4) are assumed to be 0.5mg, which means they are respectively holding half of the weight of the drone, as in a hovering state. From (1), the relationship between the friction coefficient and the required tilting angle is described by (2) and plotted in Fig. 3 .
While the tilting process is performed, a PID (Proportional Integral Derivative)-based flight controller still operates in the same manner as normal flight status. Therefore, if slippage is detected by measuring the angular acceleration from an IMU (Inertia Measurement Unit), the thrust level at the front side naturally increases. When the ratio of the front thrust to rear thrust is over a specific threshold, the drone stops tilting and proceeds to the next step. The friction coefficient is approximately estimated by the maximum tilting angle by (2) .
Theoretically, if the friction coefficient is 1, the tilting angle can be 90 degrees. However, since this aerial drone platform is based on an X-configuration quadrotor (see Fig. 4 (a)), the airflow from front thrusters is obstructed by the rear structure of the drone with 90 degrees tilting angle, as shown in Fig. 4(b) . Then it is difficult to deal with accidental slippage with limited angular speed of the tilt-rotor mechanism. Therefore, as in Fig. 4 (c), the tilting angle should not be 90 degrees, but rather about 35 to 45 degrees practically, which is also related to the pose change process.
B. POSE CHANGE
Though stabilization process is not affected by the obstruction of airflow, obstruction is inevitable during pose change process because of the X-configuration design. In this paper, if the air obstruction occurs at a specific pose of the drone, we define it as an intersection zone. The range of the intersection zone is determined by θ as shown in Fig. 4 
(c).
As shown in Fig. 5 , to control the tilting angle to the wall, θ, we have to determine the range of intersection zone and other phases as well. Before the second phase of entering the intersection zone, the drone starts to change its pose while maintaining the direction of the forward thrusters against the wall. At the same time, the tilting angle of the tail-side thrusters, θ r , becomes (90 − α) • as the direction of thrusters becomes vertical where α is the pitch angle of the drone to the wall that can be acquired from the IMU. This posture is advantageous to prevent falling accidents by aligning rear thrusters to the direction of gravity force. With this condition, the angle of the rear thrusters increases as the pitch angle to the wall, α, decreases as follows:
Regarding the range of the intersection zone, θ r should be close to 90 degrees as the rear thruster direction aligns with the direction of the airflow of thrusters at the front side and prevents the sidewall of the rear thruster from directly blocking the airflow. Under this condition, smaller tilting angle of forward thrusters, θ f , is better as long as the sticking force to the wall is sufficient. Otherwise, large tilt angle leads to obstruction of the airflow, which can lead to falling by slippage.
Another strategy to overcome air obstruction in the intersection zone is to decrease the duration in the intersection zone by rapidly increasing the angle of the forward thrusters to the wall at the moment of entering the intersection zone, as described in Fig. 5 .
After passing the intersection zone, assuming the first contact point is a hinge support, the thrust force F t (3, 4) causes a torque and the drone's body leans toward the wall. The torque at the first contact point A, T A , is expressed as follows (see Fig. 6 (a)):
where l is the body length of the drone. However, as the pitch angle of the body α decreases, the thrust force may not generate the torque for pose change, since T A approaches to 0 when α approaches to 0. We define pitch offset angle γ as the additional tilt angle for rear thrusters to generate the torque for pose change, as described in Fig. 6(b) . We determine γ in the attitude control mechanism for the third phase. Depending on the angle γ , the torque can be generated as follows:
For the attitude control, two PID controllers are used for controlling F t (3, 4) and γ , respectively. The pose errorθ is calculated as follows:θ
where θ d is the target pitch angle of the drone andθ is the drone's current pitch angle estimated from the IMU. Then, the control values of the rear thrust level δ t (3, 4) and pitch offset angle δ γ are calculated based on the pose error (θ) as follows:
where K P t , K I t , K D t are coefficients for the proportional, integral, and derivative terms for thruster control, respectively, and
where K P γ , K I γ , K D γ are coefficients for the proportional, integral, and derivative terms for pitch offset angle control, respectively. 
C. WALL-CLIMBING MODE
After a pose change, in order for the airframe to stay on the wall with minimum thrust force, the drone enters the wallclimbing mode. Under the thrust level same to the hovering state, it adjusts the direction of all thrusters with the estimated friction coefficient from the stabilization process. According to the relationship between the friction coefficient and the required tilting angle in Fig. 3 , the direction of thrusters is calculated. Another purpose of the tilt mechanism is to climb the vertical wall efficiently. The tilt mechanism helps the drone stick to the wall with a low friction coefficient by mitigating the dependency on the friction force generated by the normal force to the wall surface. The relationship between the required thrust force and the friction coefficient can be represented as follows:
where F a is the required thrust force for wall-climbing, θ a is the tilt angle with respect to the wall, and F f is the friction force caused by the normal force to the wall. F f is directly proportional to the friction coefficient µ. (8) is plotted in Fig. 7 and it shows that the required thrust force drastically decreases as the tilt angle θ a decreases in the low friction coefficient environment. The plot in Fig. 7 assumes that the mass of a drone is 3 kg same as that of the prototype drone. Therefore the required force for hovering state is calculated as 29.42 N to support the 3 kg weight drone. Depending on the friction coefficient, there is a range of tilt angle that requires small thrust force and a specific optimal angle with minimum required thrust force. Due to the reduced required thrust force, the energy efficiency can increase. Section IV includes the experimental tests to validate this simulation.
III. PROTOTYPE DESIGN A. GENERAL DESIGN CONSIDERATION AS AN MAV
For flight stability, a general MAV (Micro Aerial Vehicle) has design principles and constraints. First, most drones consist of a main body at the center, support arms connecting thrusters with the main body, and landing gears. To maximize flight stability, the main body is located at the center of the drone to ensure that the center of mass is located at the center of the drone and to minimize the moment of inertia. Second, from the main body, support arms are arranged radially or symmetrically. The connecting material should be rigid and should not transfer vibration. If it is not rigid, the thrust force will not be fully delivered to the main body, and as a result a feedback controller such as the PID controller will not work well because of incorrect feedback information. Third, the parts containing heavy components such as the battery, electric devices, and landing gears should be placed near the center of gravity as long as they do not hinder pitch or roll motion. This condition increases flight stability and helps pose change with small thruster force. Under these design constraints of the typical MAV structure, there are practical difficulties in applying the tiltrotor mechanism. In particular, the propeller's large diameter makes applying a tilt mechanism harder in that the propeller size increases in proportion to the payload according to the momentum theory or actuator disk theory. In order to carry 2,500 to 3,000 g of payload with a moderate flight time, the required propeller diameter is about 10 to 12 inches [34] . Like this, as a normal propeller requires large diameter and volume for tilting, a duct fan unit can be considered as an alternative. Most importantly, it can save space because of its smaller outside diameter of about 70 mm. The overall layout of the main body frame is based on a general X-configuration quadrotor. Two thrusters are connected with a tilt arm and rotate together along the tilt axis as shown in Fig. 8(a) .
B. DESIGN OF TILT-ROTOR MECHANISM
As mentioned before, since the MAV has a limited payload and operation time, it is important to minimize the number of actuators and other mechanical parts (components) that support them. Therefore, the tilt-rotor mechanism should be implemented using the minimum number of actuators. In the proposed perching process, the thrusters are classified into two groups in terms of their role. One group is for stabilization, which acts as a hinge support for pose change, and the other is a group of thrusters at the opposite side, by which the drone generates the torque for pose change. In order to minimize the platform weight and complexity of control, the manipulation plan for the tilt mechanism is based on this grouping.
In order to realize the rotation of the tilt axis, a continuous rotation servo is employed; its weight is about 55 g, the stall torque is about 10 kg/cm, and operation speed is 300 deg/s. Combined with a 72/14 ratio reduction pulleys, the tilting axis rotates with maximum torque of 51 kgf·cm and angular speed of 58 deg/s, which satisfies the required specification. Pulleybelt drive systems could minimize a backlash problem which can cause an unstable body structure with vibration or angular error. For the same reason, a pulley-belt is also applied to the rotary encoder measuring tilting angles as shown in Fig. 8(b) . Using servomotors with angular speed of 300 deg/s and a 72/14 ratio pulley system, the axis for tilting can rotate with VOLUME 7, 2019 angular speed of 58 deg/s. The time for rotation of the remaining 90 degrees takes only 1.5 seconds. Fig. 9 shows a block diagram of the electrical components of the control system, sensors, and actuators. In order to implement real-time flight control loop of the main MCU, the control system of the drone consists of two ATmega2560-based 8-bit MCUs (Micro Controller Units). As a main controller, one MCU is used for the control of all actuators such as thrust control for flight, tilt control, and wall-climbing drive control. The other auxiliary MCU for acquiring most sensor data is installed on the drone. The drone has two infrared distance-measuring sensors, two crash sensors, and two rotary encoders for the tilt angles. The data acquired from the auxiliary MCU is transmitted to the main MCU via serial communication. The only data that the main MCU directly obtains is IMU and remote control data for a corresponding flight control loop with fast update interval. 
C. ELECTRICAL PARTS AND CONTROL SYSTEMS

D. AUTOMATIC LANDING ASSISTANT
Considering that the pitch and yaw angle in the body frame is very small in a moderate flight state, the drone has two sonar sensors measuring the distance to the wall, D L , D R , and calculating the approaching angle to the wall, τ , as shown in Fig. 10(a) . When the drone detects a specific distance of about 10 to 150 cm from the wall, the landing assistant system is activated to make the drone's heading normal to the wall by decreasing the approaching angle and maintaining the altitude from the ground. This self-alignment system is working in the high-level flight controller for yaw motion control and thrust level control by using z-axis acceleration and altitude information H , as illustrated in Fig. 10(a) .
Once the drone maintains steady contact to the wall for a period of time, it starts the landing procedure by starting stabilization process. This steady contact situation can be described by the following conditions: distance, tactile sensor data installed at the front left and right of the drone, respectively. Acc (x,y,z) are the acceleration data along x, y, and z axes of the drone's body frame and Acc th is the threshold value for the acceleration limit. We have used Sharp GP2Y0A60SZL for distance sensors whose measuring distance is 10 to 150 cm, so that the drone starts to align its direction of approaching angle from about 150 cm distance to the wall. In Fig. 10(b) , the overall process of vertical soft landing is shown. In step 1 of the control algorithm, the drone reads sensor data D (L,R) , C (L,R) , and Acc (x,y,z) . Using D (L,R) , the drone computes approach angle, τ , as in Fig. 10(a) and adjusts the heading angle of the drone to be aligned with the wall. At the same time, the drone checks whether the front part of the drone contacts to the wall for the stabilization process. In step 2, the drone starts the stabilization process and measures tilt angle of front thrusters to determine whether the stabilization process is finished. In step 3, after the stabilization process, the drone proceeds to the second phase of pose change before the intersection zone. As mentioned before, the obstruction area is determined by tilting angle to the wall θ. The drone can determine whether the drone is before or after the intersection zone by comparing θ with the pitch angle of the drone. Finally, in step 4, the drone starts the third phase of pose change right after the intersection zone. In this process, the drone decreases the pose change speed to the target speed and finally enters the final landing process. When the pitch angle of the drone reaches 90 • , the landing process is finished.
IV. EXPERIMENTAL TEST A. STABILIZATION TEST
As mentioned before, during pose change, there is an intersection zone where the airflow of the thrusters at the front side could be obstructed by the structures of the thrusters. The effect of decreasing thrust force caused by air passage obstruction is verified by an experimental test as shown in Fig. 11 . In the experiment, a drone is installed on a linear guide, on which the drone moves freely along the guide rail. The thrust force of right thrusters in Fig. 11(a) is set to 16 N equal to the hovering or stabilization level, and the tilt angle of the other thrusters, θ r , confronting airflow of right thrusters is varied from zero to 90 degrees. We used a force gauge to measure tensile force caused by thrust force of right thrusters to verify the effect of the air passage obstruction. Fig. 11(b) shows the result of experimental tests. The result shows that as the tilt angle becomes close to 90 degrees, the tensile force is decreased. On the contrary, the closer θ r gets to zero, the less air obstruction is caused and consequently the net thrust force increases. To overcome this platform limitation, we separated the pose change process into three phases depending on the intersection zone as in Fig. 5 .
B. PERCHING TEST
A perching experiment according to the tilt angle to the wall, θ, was conducted with our prototype drone where the friction coefficient between drone and the wall was about 0.5 to 0.7. The tilt angle ranges from 0 (no-tilt case) to 90 degrees, with increments of 10 degrees. As shown in Fig. 12 , if the tilt angle is not sufficient, the perching fails. On the other hand, when the tilt angle is too excessive, it fails during the intersection zone of pose change, although stabilization is successful. With a full-tilting angle, it failed 10 times out of 10 trials as shown in Fig. 12 .
The main contribution of this work is to mitigate the impact of perching by controlling the pose change speed with a tilt-rotor-based airframe. Since the non-tilt approach only changes its pose as fast as possible to prevent falling by slippage, the impact could be high enough to damage the wall or the drone itself. Therefore, experimental tests are conducted to verify the performance of the mechanism and control algorithm by measuring the angular speed of the pose change and comparing it with that of a non-tilt approach. In the experiment, we set the target angular speed to 1.0, 3.0, and 5.0 deg/s for the proposed approach, and measure the angular speed with an IMU installed for flight control. The results are shown in Fig. 13 . In the non-tilt approach, the drone just changes body pose until it sticks to the wall with the maximum pose change speed. However, the proposed approach is able to control its pose speed to follow the target speed after the intersection zone (phase 2). As for the soft landing, the data log includes the state of the perching from normal flight to pose change. While the pose is changed very rapidly during phases 1 and 2, the average angular speed is 0.98, 2.91, and 4.82 deg/s at the final state (phase 3), which is very close to the target speed of 1.0, 3.0, and 5.0 deg/s, respectively, as shown in Fig. 13 and Table 1 . However, the non-tilt approach changes its pose within 1.5 seconds and the average angular speed is about 84.72 deg/s, which is significantly higher than the soft landing approach. Consequently, the experimental tests show that the proposed system allows the drone to perch on a vertical wall with a desired angular velocity and guarantees a soft landing. In order to verify the effect of reduced perching impact, we installed an accelerometer on the drone and target wall, compared acceleration data, and calculated the impact for both approaches. Regarding the non-tilt approach, when the front part of the drone firstly contacts the wall, low level of impact force occurs as shown in Fig. 14(a) . Within 1.2 seconds, a drone completes perching process by changing its pitch angle and the rest of its body bumps into the wall. The second contact causes high level of impact as shown in Fig. 14(a) . The calculated impulse of the first and second contact was 0.90 and 4.76 kg·m/s, respectively.
On the contrary, in our proposed approach with the pose change speed of 5 deg/s, the impulse level of the first contact is the same with the non-tilt approach; however, the impulse from the second contact was significantly decreased to 0.05 kg·m/s. Fig. 15 shows an exemplary tail-down perching process using a tilt-rotor mechanism and the video of overall experiments is available at https://youtu.be/ioh9MVeIWas/.
C. WALL-CLIMBING TEST
Wall-climbing tests are conducted to verify energy efficiency of tilt-rotor mechanism. The surface material of the wall is tempered glass and the material of the wheel surface is 1 mmthick silicone sheet. By using a force gauge, the average friction coefficient between them is measured to be 0.53. According to the tilting angle θ a in Fig. 7(a) , we measured power consumption at wall-climbing condition with constant velocity of about 0.1 m/s. Power consumption is measured by an electric current and voltage sensor. The test range of the tilting angle θ a is from 0 to 80 • to secure minimum pushing force to the wall. When θ a reaches 90 • , there is no force that makes the drone stick to the wall. The results are shown in Fig. 16 . From 40 to 80 • of tilt angle, the drone can climb the vertical wall with lower energy consumption than that of the hovering state. When tilting angle is 65 • , the drone consumes the lowest energy. These results are consistent with the result of wall-climbing simulation when friction coefficient is 0.5. According to the simulation result in Fig. 7(c) , a drone needs lower thrust force than the hovering state from 37 to 90 • and requires minimum thrust force with tilt angle of 63 • .
V. CONCLUSIONS AND FUTURE WORKS
The proposed tilt mechanism-based landing system shows the ability to perch on a wall with low angular speed of pose change and consequently it can reduce the landing impact significantly. In addition to that, in terms of thrust-assisted wall-climbing mechanism, the tilt mechanism can help a drone to stick to the wall with small thrust force by adaptively changing the direction of thrusters. In this study, we tried to implement the concept of the vertical soft landing mechanism using a quadrotor-based structure. Considering limited payload of a drone, we designed the tilt mechanism enabling both vertical soft landing and efficient wall-climbing using only two actuators. Though the X-configuration quadcopter structure can cause air obstruction when the tilting angle is 90 • , we overcame this hardware limitation with a dedicated control strategy.
Since it was difficult to apply the tilt mechanism using the normal propeller of general drones due to its large diameter, we applied EDF (Electric Ducted Fan) units with small diameter. But it is disadvantageous that the energy efficiency of the EDF unit is lower than that of the normal propeller propulsion system. Furthermore, the structure with tilt mechanism cause an intersection zone, and consequently a specific control strategy is necessary and various pose states may not be possible. For these reasons, in the future, we need to develop a better platform structure that has enough space for tilting a large propeller and minimize the interference of airflow between two tilt units depending on various tilt angles.
Another purpose of the tilt-mechanism is to climb the vertical wall in that the tilt mechanism helps the drone stick to the wall with low friction coefficient by mitigating the dependency on the friction force generated by the normal force to the wall surface. However, in the wall-climbing test, it was found that friction force was readily decreased as the contact surface is worn out from rubbing or stained with contaminant like fine dust. For these reasons, it could be reasonable to consider very low frictional coefficient in real world application for thrust-assisted wall-climbing mechanism. Therefore, other future work is to develop and optimize the wall-climbing system for very low frictional coefficient using a tilt mechanism in terms of energy efficiency, climbing performance, and safety.
Since the tilt-rotor mechanism has only single degree of freedom with a fixed wheel drive aligned with the same direction, the drone platform is optimized for only vertical climbing. For lateral movement on the wall, there must be a mechanism that can change driving direction of the drone body or additional tilting mechanism is required for other axes. Considering the limited payload of the drone platform, it is challenging to simplify and implement the mechanisms for an improved design. Therefore, it is also a future work to design a tilt-rotor-based wall-climbing platform that allows omnidirectional movement.
NOMENCLATURE AND UNIT
θ f tilt angle for front thrusters in drone body frame (deg) θ r tilt angle for rear thrusters in drone body frame (deg) θ tilt angle with respect to the wall for front thrusters during stabilization (deg) θ a tilt angle with respect to the wall during wallclimbing (deg) α pitch angle of a drone with respect to the wall (deg) F t (1, 2) thrust force of front thrusters (N) F t (3, 4) thrust force of rear thrusters (N) F f friction force between the wall and a drone (N) F a required thrust force for wall-climbing (N) F W the drone's weight (N) m the mass of the drone (g) µ static frictional coefficient
